La alelopatía es un mecanismo clave en las invasiones biológicas. Este estudio se propuso analizar el efecto de extractos acuosos de hojas de tres especies de árboles exóticos comunes en bosques riparios españoles sobre la germinación de seis herbáceas comunes en su sotobosque. Comparamos los efectos de las especies exóticas con los de una especie de árbol nativo, el álamo blanco. Las variables más sensibles a los extractos fueron la velocidad de germinación y el crecimiento radicular, mientras que el porcentaje de germinación apenas fue afectado. Principalmente, los extractos tuvieron un efecto negativo sobre la germinación de todas las especies, excepto Chenopodium album. El álamo blanco causó efectos similares o incluso más negativos que las especies exóticas. Nuestros resultados muestran que la alelopatía es un fenómeno complejo, en el que las especies nativas también están involucradas.
Introduction
Biological invasions are one of the biggest problems affecting global biodiversity (Weber, 2003) . In terrestrial ecosystems, exotic plants are very effective competitors against native species, decreasing their survival, growth and biomass (Levine et al. 2003 , Hager 2004 . As a consequence, native plant species end up being excluded by the invaders (Callaway & Aschehoug 2000) , even though most exotic species are not dominant in their natural habitats (Callaway & Aschehoug 2000) .
One of the key mechanisms proposed to account for the invasive plants success is allelopathy (Callaway & Aschehoug 2000 , Hierro & Callaway 2003 , Inderjit et al. 2008 , where the released compounds by invaders suppress germination, growth and/or reproduction of native inhabitants of the invaded plant community (Hierro & Callaway 2003) . Furthermore, the released compounds can also affect other processes such as litter decomposition, nutrient recycling or microbial activity (BM. , Barto et al. 2011 . Allelochemicals can be released from plants through different mechanisms such a root exudation, leaching of aerial parts, and most notably from decomposing leaf litter (Aldrich 1984 , Zamorano 2006 .
It has been suggested that allelochemicals released to the environment by invasive species have little or no effect over their original plant communities, but a great effect over invaded communities, because the latter have never been exposed to those particular compounds (the 'novel weapons hypothesis ': Callaway & Aschehoug 2000 , Baldwin 2003 . One of the most usual ways to assess the allelopathic effect of exotic plant species on native plants is to evaluate their phytotoxic activity through bioassays in which different parameters are measured: germination, plant growth or biomass, under laboratory or greenhouse conditions (e.g. Carballeira & Reigosa 1999 , Lorenzo et al. 2008 . When using native plants' seeds, it is common to estimate percent germination (Dias 1991) , germination speed (Wardle et al. 1991) or radicle elongation after germination (Dias 1991) . This last parameter is not as dependent on the seed's internal resources as the others. In spite of the difficulty of extrapolating the results obtained through these experiments to field conditions, they are essential to quantify the phytotoxic effect of exotic plants (Lorenzo & González 2010) by isolating the effects of the phytotoxic potential of the plant species from other environmental factors. The extrapolation of the results obtained by these methods to field conditions must be done with caution, as laboratory conditions are a simplification of the processes happening in ecosystems.
Riparian forests are especially sensitive to invasion by exotic plant species, because the dispersion of propagules through them is very simple and fast, given their linearity (Pysek and Prach 1993 , 1994 , Pysek et al. 1998 . Moreover, riparian forests constitute temperate ecosystems with buffered environmental conditions -temperature, light and humidity oscillate much more lightly than outside these systems -and few stressing periods, where alien species can find very favorable scenarios for their successful growth and propagation. In fact, the diversity and abundance of invasive plants has increased in riparian ecosystems throughout the world in recent years (Richardson et al. 2007) .
In Spain, concern with invasive species in riparian forests has been growing recently (Enríquez de Salamanca 2009). Exotic tree species like Robinia pseudoacacia L. (Black locust, native to the southeastern USA) or Ulmus pumilla L. (Siberian elm, from Asia) are becoming very frequent in the riverbanks, probably excluding native plants from their habitat (Nasir et al. 2005) . Ailanthus altissima (Mill.) Swingle (Tree of heaven, native from China), which also appear on riparian forests, are highly competitive and aggressive, causing autochthonous plants to be excluded through allelopathy (Dana et al. 2004 ). These invasive species can also affect soil structure, nutrient cycling, and other processes. However, the experiments quantifying the effect of these species on the rest of the plants in the understory community are scarce, and therefore the magnitude and consequences of these invasions at ecosystem level are not clear.
The objective of this study was to determine the allelopathic effect of leaf litter from three different exotic tree species from riparian forests in rivers in central Iberian Peninsula (Spain) (Ailanthus altissima, Robinia pseudoacacia and Ulmus pumilla) and one native plant species (Populus alba L.) on the germination and early radicle growth of six herbaceous plant species native from these forests and common in understory communities: Brachypodium phoenicoides (L.) Roem. and Schult., Brachypodium silvaticum (Huds.) Beauv., Chenopodium album L., Dactylis glomerata L., Trifolium pratense L. and Trifolium repens L.
In order to fulfill this objective, we tested whether (a) allelopathic potential differed among tree species and/or differed between exotic and our chosen native species; (b) there were differences in the sensitivity of understory species to tree species; and (c) allelopathy acted the same way on the different processes studied, namely, percent germination, germination speed and early radicle growth.
Materials and Methods

Study area and plant species
The study area, with a surface of 79.05 ha, is located at Soto de El Encín (Martínez & Elorrieta 2000) , on the right riverbank of the Henares River, municipality of Alcalá de Henares (Madrid, Spain). The climate is continental Mediterranean, mitigated by the conditions of a riparian zone. The soil is a fluvisol, placed over undifferentiated quaternary materials (Mauri Ablanque et al. 2000) . The area keeps a well-conserved riparian forest with reedbeds (Phragmites australis (Cav.) Trin. ex Steud., Typha spp.), willow woods (Salix spp.), poplar groves (Populus spp.), and elm groves (Ulmus minor Mill.), although the main formations are P. alba groves (Martínez & Elorrieta 2000) . In some restricted areas, the presence of exotic tree species, such as A. altissima, U. pumilla or R. pseudoacacia, has been detected.
In this area, four tree species were selected: the native white poplar (P. alba), a deciduous tree distributed by the central and southern Europe, western Asia and northern Africa, and three invasive species. The tree of heaven (A. altissima) is a deciduous tree native from northern China. It is present in the warm and temperate regions of the five continents, where it is used as an ornamental plant. Ailanthus is common in Spain since the beginnings of the 19th century. It has colonized many natural habitats in the Iberian Peninsula, through its high production of seeds (around 35,0000 each year) and its allelopathic effects (Sanz Elorza et al. 2004 , GEIB 2006 . The black locust (R. pseudoacacia) is also deciduous and native to central U.S.A. It was introduced in Spain in the 18th century, presumably for ornamental use. Since then, it has colonized many areas, including riparian forests, thanks to its vegetative reproduction, nitrogen fixation, and allelopathic effects, among other reasons (Sanz Elorza et al. 2004 , GEIB, 2006 . Lastly, the Siberian or Russian elm (U. pumilla) is a deciduous tree native from Manchuria which is increasingly colonizing riparian forests (pers. obs.), and to our knowledge there are no reports of its allelopathic potential.
The riverbanks in the study area are very rich in understory species, which are characteristic of these environments (De la Cruz & Peinado 1996) . We selected six herbaceous species from the most frequent in the study area (Martínez & Elorrieta, 2000) : Brachypodium phoenicoides, B. sylvaticum, Dactylis glomerata (Gramineae); Chenopodium album (Chenopodiaceae); and Trifolium pratense and T. repens (Leguminosae). Of these species, only C. album is annual, while the others are perennial.
Plant material and preparation of extracts
During October-November 2009, senescent leaves from P. alba, R. pseudoacacia and U. pumilla were collected from at least 10 trees per species in Soto de El Encín (40°32'15.10"N, 3°16'5.15"O); Ailanthus leaves were picked up in Ciudad Universitaria, Madrid (40°26'37.88"N, 3°43'36.27"O). Seeds of the six herbaceous species were obtained commercially (Semillas silvestres S.L.).
Leaves were dried at room temperature and then heated at 65ºC in an air force oven, until constant weight. Aqueous extracts were prepared by soaking 1g of dry leaf litter in 100 mL of distilled water for 24 hours in an orbital shaker at 80 rpm. The resultant solution was filtered with a sterile filter, Millipore Express-Plus (0.22 µm) to eliminate organic matter, mineral particles and spores that could interfere with seed germination and radicle elongation results. The extract was diluted with distilled water to 1: 2 (50%) and 1: 5 (20%) in order to obtain 3 applied doses: 100 (1g/100mL), 50 (0.5g/100mL) and 20 (0.2g/100mL). These doses resembled the average amount of aqueous extracts released by the trees throughout the year, calculated from litter and rainfall ratios (Table 1) . Although these doses were calculated to resemble and even surpass those found in natural conditions, it is true that leaf litter decomposition is a gradual process, and that seeds would probably not encounter such concentrations in the field.
Germination bioassay
The purpose of this experiment was to examine the effect of leaf litter extracts on percent germination and germination speed of six herbaceous species. For each target species, germination assays were carried out separately. Seeds from the herbaceous species were soaked in water for 24 hours, in order to break their dormancy. For each herbaceous species, 20 seeds were placed on germination paper (Filtros ANOIA S.A.) in Petri dishes (9 cm diameter), each containing 4 mL of extract for treatments or 4 mL of distilled water as control. However, we are aware of the limitations of the use of distilled water as a control (Wardle et al., 1992) . The experimental design had two factors: Tree species factor with four levels, P. alba (Pa), A. altissima (Aa), R. pseudoaacia (Rp) and U. pumilla (Up), and Dose factor with three levels, 20%, 50% and 100%. This made a total of 13 treatments: Control, Pa20, Pa50, Pa100, Aa20, Aa50, Aa100, Rp20, Rp50, Rp100, Up20, Up50 and Up100. There were three replicates per treatment, making a total of 39 Petri dishes per target species. This design was replicated with every herbaceous species. Dose 20 could not be applied to B. sylvaticum due to lack of available seeds. Petri dishes were randomly placed in a germination chamber, in dark, at 24 ºC. The Petri dishes were moistened with distilled water when necessary. During 30 days, germinated seeds were daily counted in order to get two variables: percent germination (final number of germinated seeds x 100 /total seeds) and germination speed, calculated using the index provided by Einhellig et al. (1982) :
Where N1, N2, N3, Nn represent the proportion of germinated seeds in day 1,2,3…n after the start of the experiment. S varies from 0 (if no seeds germinate by the end of the experiment) to 100 (if all seeds germinated on the first day).
Radicle growth bioassay
This experiment tested the effects of leaf litter extracts on radicle growth of herbaceous species. Four target species were considered: T. repens, T. pratense, C. album and D. glomerata. After breaking their dormancy in the same way as in the previous experiment, seeds were put in plates with perlite bottom covered with moistened filter paper. After 48-72 hours, several germinated seeds from 1 mm maximum radicle length were selected and put on a Petri dish on germination paper soaked in 4 ml of plant extract. The treatments were applied following the same experimental design as that used in the germination assay, that is, a factorial combination of four tree species and three doses. There were 39 dishes for each target species, except from C. album, in which Dose 20 and Dose 50 could not be studied. Petri dishes were incubated at 24ºC in darkness. Radicle length was recorded after 48 hours by scanning the seedlings with a deskscan. Length measurements were obtained from digital images using Photoshop CS4 (Adobe).
Data analysis
Allelopathic effects on the germination rate, ger- Anales de Biología 35, 2013 Allelopathic potential of exotic and native plants 69 mination speed and radicle growth were studied by two-way ANOVA, using Tree species and Dose as fixed factors. Significant differences (p<0.05) between groups were studied using Tukey's HSD test. As we could only study one Dose level for C. album, the differences between tree species were studied using a one-way ANOVA. Differences between treatments and control mean values were tested using Dunnett's test (one-way ANOVA). Homocedasticity assumption was verified in all cases using Bartlett´s test (p>0.05), so variable transformation was not needed.
All statistical analyses were made using statistical program package STATISTICA 6.0 for Windows (Statsoft).
Results
Percent germination
Only two species were significantly affected by the extracts: B. sylvaticum and T. repens (Fig. 1) . Dose factor had a significant effect on B. sylvaticum, with an interaction between Dose and Tree Species. B. sylvaticum showed a significant response to Pa100, Aa100 and Rp50 (although Rp 100 showed no effect). Dose factor had a significant effect on T. repens. It showed a significant reduction of percent germination under Pa100 and Rp100 treatments.
Differences between doses were significant only for the same two species (Fig. 1) . B. sylvaticum showed lower germination under Pa100 and Aa100 than Pa50 and Aa50, respectively. These treatments showed lower percent germination rates than the other tree species at the any concentration. The percent germination of T. repens was lower for Rp100 than for Rp20.
Germination speed
There were more significant effects of plant extracts on germination speed than on percent germination (see above; Fig. 2 Moreover, B. phoenicoides suffered a decrease in germination speed under Pa100; B. sylvaticum under Pa100 and Aa100; D. glomerata under Pa20, Pa50, Pa100, Aa50 and Aa100; and T. repens under Pa20, Pa100, Aa100 and Rp100. Extracts of P. alba and A. altissima affected germination of several understory species (4 and 3 herbaceous plant species, respectively) whereas U. pumilla and R. pseudoacacia only affected one species.
Significant dose effects were scarce since only Up50 and Up100 were different than Up20 for B.phoenicoides and Rp50 and Rp100 were different than Rp20 for T. repens. C. album germination speed showed no effect of any tree species extract or doses.
Radicle growth
Extract treatments had effect on radicle growth of three of the four herbaceous species studied, except C. album (Fig. 3) . Dose factor had a significant effect on both T. pratense and T. repens, whereas Tree species had a significant effect on D. glomerata and T. repens. There were no significant interactions between the two factors. When the effects were significant, radicle growth was always reduced when comparing with control treatment values. The radicle growth of T. pratense showed lower values for any tree extracts treatment than for the control, although there were no differences between extract doses. Three tree species extracts at any doses (P. alba, U. pumilla and R. pseudoacacia) produced a reduction of radical growth of D. glomerata with respect to control. No significant differences among doses were found. Pa50, Pa100, Up100 and Rp100 reduced radicle growth of T. repens in respect to control. No significant differences among doses were found. A. altissima produced effects only in T. pratense whereas P. alba, U. pumilla and R. pseudoacacia affected radicle growth of D. glomerata, T. pratense and T. repens.
Comparing the three variables studied, radicle growth was affected in more treatments, followed by germination speed. Percent germination was Figura 1. Porcentaje de germinación (media ± error estándar, n=3) de especies herbáceas afectadas por diferentes dosis (Gris claro: 20%, Gris oscuro: 50%, Negro: 100%) de los extractos de las cuatro especies arbóreas. Mayúsculas indican diferencias significativas entre especies arbóreas para la misma dosis, y minúsculas indican diferencias significativas entre dosis para la misma especie de árbol (α=0.05, test HSD de Tukey). La ausencia de letras indica ausencia de diferencias significativas entre grupos. Los asteriscos indican diferencias significativas con el control: *=Significativo (p<0.05); **=Muy significativo (p<0.01), ***=Extremadamente significativo (p<0.001) (test de Dunnett). Línea discontinua: media del control. Figure 1 . Percent germination (means ± standard error, n=3) of herbaceous species as affected by different doses (Light grey: 20%; Dark grey: 50%; Black: 100%) of litter extracts from four tree species. Capital letters indicate significant differences between tree species for the same dose and lower case letters indicate significant differences between doses in the same tree species (α=0.05, Tukey's HSD test). No letters show no significant differences among groups. Asterisks indicate significant differences with the control: *=Significant (p<0.05); **=Highly significant (p<0.01), ***=Extremely significant (p<0.001) (Dunnett's test). Dashed line: control means.
found to be less responsive to the extracts obtained from the tree species.
Discussion
Our study aimed to determine the allelopathic effect of leaf litter from four tree species (three exotic and one native) on the germination of six herbaceous species from the understory of riparian forests. We measured percent germination, germination speed and radicle growth using three different doses from leaf extracts. Overall, our results showed that percent germination was less affected than germination speed and radicle growth and that Populus alba, the native species, had the most intense allelopathic effect.
Germination rates and radicle growth
We observed that percent germination was not significantly affected by the allelopathic extracts in most cases. This would suggest that our extract concentrations were not high enough to cause effects. However, these concentrations were calculated to resemble and even surpass field conditions (Table 1) , so this hypothesis has to be ruled out. Besides, the existence of allelopathic effects Figura 2. Velocidad de germinación (media ± error estándar, n=3) de especies herbáceas afectadas por diferentes dosis (Gris claro: 20%, Gris oscuro: 50%, Negro: 100%) de los extractos de las cuatro especies arbóreas. Línea discontinua: media del control. at these concentrations was evident in the other two variables studied (germination speed and radicle growth).
Germination speed and radicle growth of most herbaceous species were negatively affected by the treatments, except C. album (in which both speed and radicle growth were unaffected) and T. pratense (in which only radicle growth was affected). In many cases, a concentration-dependent inhibitory effect was evident, as can be seen in the results section (significant effects of the Dose factor). This has been previously reported (Tawaha & Turk 2003 , Dorning & Cipollini 2006 .
As percent germination was almost unaffected, the sensitivity of germination speed to the litter extracts would indicate that nearly all seeds germinate in the end, but do so with some delay.
The sensitivity of radicle growth to the inhibitory effect of the extracts has more ecological relevance because it does not dependend only on the seed's internal resources, but also on the nutrients that the seed is able to absorb from its surroundings. Roots are more sensitive to allelopathic extracts than other parts of the plant (Tawaha & Turk, 2003; Wakjira et al., 2005) , as they are the first to come in contact with allelochemicals. The delay in radicle growth could have relevant effects on seedling survival, and subsequently on community composition and diversity. Therefore, radicle growth as an index could be more easily related to the ecological effects of allelopathy.
Our results suggest that percent germination is less sensitive to allelopathic effects, in spite of its widespread use in allelopathy bioassays (Lorenzo & González 2010) , in agreement with the results 72 P. Catalán et al. Anales de Biología 35, 2013 Figura 3. Crecimiento radicular (media ± error estándar, n=3) de especies herbáceas afectadas por diferentes dosis (Gris claro: 20%, Gris oscuro: 50%, Negro: 100%) de los extractos de las cuatro especies arbóreas. Línea discontinua: media del control. of Chiapusio et al. (1997) and Hussain et al. (2011) . Moreover, the validity of this index as a measure of allelopathy has been called into question (Hussain et al. 2011) . Therefore, we strongly recommend the use of more parameters than just germination percentage to measure allelopathic effects.
Responses of herbaceous species
The effect of allelopathy in community structure depends on the sensitivity or tolerance of the different species to the litter extracts. Our experiments showed that the same tree species affected herbaceous species in a different way. Thus, T. repens and B. sylvaticum were the most sensitive species in all cases. In T .pratense, radicle growth was greatly inhibited, but percent germination was not affected, which could have different ecological consequences depending on when and how long the allelochemical compounds are released in natural conditions. A special case is C. album, whose percent germination, germination speed and radicle growth was equal or higher (although not significantly) than the control. This result can be related with some of typical characteristics of the species, such as its life story. Annual species, such as C. album, may use the contact with allelochemical compounds as a signal to end their dormancy and germinate (Preston & Baldwin 1999) .
Allelopathic potential in exotic and native plants
Contrary to our expectations, when comparing the effects of the extracts on one herbaceous species, we found that poplar extracts usually had the same or even stronger effects than the exotic tree species extracts. This could indicate a higher sensitivity to poplar allelochemicals, which is a native tree species. The allelopathic capacity of native species has been previously reported (Newman 1978 , Chivas & Escudero 1997 , Valera-Burgos et al. 2012 , showing that long coexistence does not necessarily result in species becoming more tolerant to each other's allelochemicals. Although allelopahy has been suggested as a mechanism for exotic plant invasion (Kruse et al. 2000 , Hierro & Callaway 2003 , our results suggest otherwise, as P. alba, a native tree can be as allelopathic as them or, in some cases, even more. The broadening of these results to other native tree species should be considered to infere a more general pattern of the tree influence on understory communities that lead to more relevant conclusions at ecosystem level.
Litter from the four tree species studied had inhibitory effects on one or more herbaceous species which could be mediated through substances present in the aqueous extracts of leaves, i.e., allelochemicals. Different allelochemicals have been isolated from these species. Ailanthus extracts contain ailanthone, a phytotoxical metabolyte present in bark, branches and leaves (Heisey 1997) , although the mechanisms through which it inhibits germination and radicle growth are yet unknown. Black locust leaves contain robinetin, myricetin and quercetin (Nasir et al. 2005) , which inhibit shoot and root growth. Poplar produces abundant secondary metabolites such as flavonoids and terpenoids, which appear in bark, branches and leaves and inhibit germination and growth of other plants around the tree (F. ). The phytotoxic capacity of Siberian elm has not been reported previously, and in our study this species had the least inhibitory effect.
Conclusions
Allelopathic effects have been studied as a possible mechanism contributing to the large success of invasive species in new environments and specially in highly vulnerable ecosystems i.e. riparian forest. Our results suggest that allelopathy is a complex phenomenon, in which native species are also involved. The outcome of the interaction between native and exotic plants' allelopathy will depend on many factors, including community richness, environmental stress, and so on. Further research is being done by our group taking into account community dynamics and native-exotic competition, in order to better understand the role of allelopathy in biological invasions. Summing up our initial questions, we have observed that there are differences in the allelopathic potential between tree species, but these differences are not qualitatively different between native and exotic species. Furthermore, herbaceous species were not equally sensitive to the aqueous extracts of the tree species. Finally, allelopathy did not uniformly affect the different processes studied, with radicle growth as the most affected variable.
